The potential of the low-cost adsorbent kaolinite for removing copper(II) ions from aqueous solutions was thoroughly investigated. The effects of relevant parameters, i.e. pH, adsorbent concentration, ionic strength and solution temperature, on the adsorption capacity were examined. The adsorption data followed the Freundlich, Langmuir and Dubinin-Radushkevich (D-R) isotherms. The maximum adsorption capacity was found to be 16.79 mg/g at a pH value of 6.0, an initial Cu(II) ion concentration of 40 mg/dm 3 and a temperature of 313 K. Various thermodynamic parameters, viz. the standard free energy change (∆G 0 ), the enthalpy (∆H 0 ) and the entropy (∆S 0 ), were evaluated for the process with the results indicating that it was spontaneous and endothermic in nature.
INTRODUCTION
Copper (Cu), which is widely used, is one of the principal heavy metals responsible for causing haemolysis, liver and kidney damage, irritation of the upper respiratory tract, gastrointestinal disturbance and diarrhoea (Ozsoy and Kumbur 2006) . The main anthropogenic pathway through which Cu(II) ions enter water bodies is via wastes from industrial processes such as dyeing, paper, petroleum, copper/brass-plating and copper-ammonium rayon. In the copper-cleaning, copper-plating and metal-processing industries, the concentrations of Cu(II) ions approach 100-200 mg/dm 3 . This is a very high value with respect to water quality standards and consequently the Cu(II) ion concentrations in wastewaters should be reduced to a value of 1.0-1.5 mg/dm 3 (Ekmekyapar et al. 2006) .
Conventional methods for removing Cu(II) ions from aqueous solutions include chemical precipitation, chemical oxidation and reduction, ion exchange and adsorption onto activated carbon (Wang and Qin 2005) . However, these processes have significant disadvantages such as incomplete metal removal (particularly at low concentrations) and high operational costs (Cochrane et al. 2006 ). Because of their cheapness and high efficiency, there has been considerable interest in recent years in the use of low-cost materials such as agricultural by-products, industrial wastes and raw minerals as adsorbents to remove metal ions from aqueous solutions (Bailey et al. 1999 ). Among these low-cost adsorbents, clay minerals can act as potential ion-exchangers for heavy metal ions due to their low cost, high abundance, easy manipulation and harmlessness to the environment (Da Fonseca et al. 2006 ). In the present work, we demonstrate the application of kaolinite (a common clay mineral) in the removal of Cu(II) ions from aqueous solutions.
MATERIALS AND METHODS
Naturally occurring kaolinite was provided for study by the China University of Mining and Technology. The kaolinite was lightly ground and sieved. Fine particles with a diameter < 150 µm were used in subsequent experiments.
Sears's method was chosen to estimate the surface area of the Na mordenite and the copper bisethylenediamine complexation method was used to determine the cation-exchange capacity (CEC) of the Na mordenite (Bhattacharyya and Gupta 2006) .
Stock solutions of Cu 2+ ions (2000 mg/dm 3 ) were prepared in de-ionized water using copper sulphate (CuSO 4 • 5H 2 O) (analytical grade reagent). All working solutions were prepared by diluting the stock solution with de-ionized water.
Batch adsorption experiments were undertaken by shaking 0.25 g adsorbent with 50 cm 3 of aqueous solutions of Cu(II) ions at the desired concentration in a temperature-controlled water bath shaker. The pH values of the solutions were adjusted to constant values using 0.1 M HCl or 0.1 M NaOH solutions. Continuous mixing was provided during the experiments employing a constant agitation speed of 200 rpm.
Kinetic studies were carried out at a constant pH value of 6.0 using an initial Cu(II) ion concentration of 40 mg/dm 3 and an adsorbent concentration of 2 g/dm 3 at various temperatures (293, 303 and 313 K) . In each experiment, samples of the aqueous solutions were withdrawn at suitable time intervals after shaking, filtered through a 0.45-µm membrane filter and then analyzed for their Cu(II) ion concentrations via an atomic absorption spectrophotometer (AAS). For the isotherm studies, 0.25 g kaolinite was placed separately into flasks containing 50 cm 3 of solutions with various initial Cu(II) ion concentrations (20-100 mg/dm 3 ). The flasks were shaken for 1 h to allow equilibrium conditions to be attained. A known volume of each solution was then removed and filtered to enable analyses for the Cu(II) ion concentration to be undertaken.
The effect of the pH value on the adsorption of Cu(II) ions was studied by varying the pH from 2.0 to 6.0. The effect of temperature on the adsorption equilibrium was studied by varying the temperature of the system from 293 K to 313 K while the effect of the adsorbent concentration on the uptake of Cu(II) ions was investigated by varying the kaolinite concentrations from 0.25 g/dm 3 to 5.0 g/dm 3 at an initial Cu(II) ion concentration of 40 mg/dm 3 and an agitation speed of 200 rpm. The effect of ionic strength on the uptake of Cu(II) ions was investigated using sodium nitrate (NaNO 3 ) solutions of 0.1 M and 0.01 M strength as the background electrolyte.
The amount of Cu(II) ions sorbed by kaolinite (q) in the adsorption system was calculated using the mass-balance equation:
where V is the solution volume (dm 3 ), M is the amount of adsorbent (g), and C i and C e (mg/dm 3 ) are the initial and equilibrium metal ion concentrations, respectively.
RESULTS AND DISCUSSION

Adsorbent characterization
The surface area of a porous material is one of the most useful micro-structural parameters for defining its properties (Bhattacharyya and Gupta 2006) . The specific surface area of the kaolinite employed in the present study was 3.8 m 2 /g. Similarly, the CEC value is the number of equivalents of exchangeable charge per mass of adsorbent. In this work, the value of the CEC for kaolinite was found to 30 mequiv/100 g adsorbent. These numerical values (specific surface area and CEC) are comparable to those obtained previously for kaolinite using similar determination methods (Bhattacharyya and Gupta 2006).
Effect of agitation time and solution temperature
The uptake rate is of greatest importance in designing batch adsorption systems. Consequently, it is important to establish the time dependence of adsorption systems under various process conditions (Ho 2003) . Variations in the Cu(II) ion adsorption capacity of kaolinite versus time at various temperatures are presented in Figure 1 . In general, two-stage kinetic behaviour was observed, i.e. a very rapid initial adsorption extending over a contact time of 2 min followed by a second stage with a much lower adsorption rate. Such rapid adsorption phenomena would be very advantageous in process applications. As a consequence of the data obtained, the agitation time was fixed at 60 min for the remainder of the batch experiments to ensure that equilibrium conditions had been attained. Figure 1 also shows that the amount of Cu(II) ion uptake per unit weight of kaolinite increased with increasing temperature. 
Adsorption kinetics
The kinetics of adsorption, as expressed in terms of the rate of uptake of solute which governs the residence time, is one of the important characteristics defining the adsorption efficiency (Krishnan and Anirudhan 2003) . It was found that the present adsorption system was best described by the pseudo-second-order kinetic model. When the batch mode of operation is employed, the possibility of intraparticle pore diffusion of adsorbate -which is often the rate-controlling step -is always present. If this does occur, a plot of q t versus t 0.5 should be linear, and if it passes through the origin the intraparticle diffusion will be the sole rate-limiting process (Ozcan et al. 2005; Wang et al. 2006 ). In the present study, it was found that the plots of q t versus t 0.5 exhibited an initial linear portion followed by a plateau which occurred after 10 min [ Figure 2 (c)]. The initial linear portion of the plots seemed to be due to intraparticle diffusion, with the plateau corresponding to equilibrium. However, none of the plots 520 X.-S. Wang et al./Adsorption Science & Technology Vol. 24 No. 6 2006 
Time ( Table 1 . The correlation coefficients for the intraparticle diffusion model (R p ) were also obtained from the linear portion of the plots. The values of k p obtained indicate that adsorption of Cu(II) ions onto kaolinite over the first 10 min could have been mainly due to intraparticle diffusion. The data listed in Table 1 also indicate that the rate of adsorption increased with increasing temperature. This increase in rate may be described by the Arrhenius equation:
where A 0 is independent of temperature and is called the "frequency factor", E a is the activation energy (kJ/mol), R is the gas constant [8.314 J/(mol K)] and T is the absolute temperature (K). A linear relationship was obtained between ln k 2 and 1/T ( Figure 3) . The values of A 0 and E a were calculated from the intercept and slope of the plot depicted and were found to be 871.3 g/(mg min) and 19.84 kJ/mol, respectively. The magnitude of the latter value indicates that a chemical adsorption process involving weak interactions between the adsorbent and the adsorbate (Krishnan and Anirudhan 2003) occurred in the system under study. The relatively low value of E a suggests that the adsorption had a low potential energy barrier. 
Adsorption isotherm
The experimental data from the equilibrium studies were analyzed using different equilibrium models in order to obtain an equation which fitted the experimental data as accurately as possible and could therefore be used for design purposes. In this study, three adsorption isotherms, the Langmuir, Freundlich and Dubinin-Radushkevich (D-R) isotherms, were employed for this purpose.
The Langmuir equation was initially developed to describe the adsorption of gas molecules on a planar surface (Langmuir 1916) and makes the hypothetical assumption that uptake occurs on a homogeneous surface by monolayer adsorption without any interaction between the sorbed molecules. The model may be described by the equation:
( 3) where q m is the maximum adsorption capacity for monolayer coverage (mg/g), K a (dm 3 /mg) the affinity coefficient related to the heat of adsorption while q e (mg/g) and C e (mg/dm 3 ) represent the adsorption capacity and metal ion concentration in the solution at equilibrium, respectively.
The experimental isotherm results obtained at various temperatures are depicted in Figure 4 . In all cases favourable isotherms were observed and the data could be well modelled by the Langmuir isotherm equation. The maximum adsorption capacity (q m ) and the affinity constant (K a ) were determined via equation (3) using non-linear regression analysis and are listed in Table 2 . The equilibrium adsorption capacity was found to increase from 14.89 mg/g to 16.79 mg/g as the temperature increased from 293 K to 313 K, suggesting that the adsorption of Cu affinity of the adsorbate for the adsorbent. The isotherms depicted in Figure 4 are reasonably steep at low equilibrium concentrations, showing that the adsorbent could be suitable for the treatment of dilute Cu(II) ion solutions. The Langmuir isotherm constant (K a ) can also be used to indicate the affinity between the adsorbent and the adsorbate (Lv et al. 2004) . Overall, the data listed in Table 2 indicate that the values of K a increased with increasing temperature. Moreover, the maximum adsorption capacities (q m ) for Cu(II) ions onto kaolinite followed the order of the Langmuir constant, K a .
The change in the apparent enthalpy (∆H 0 ), free energy (∆G 0 ) and entropy (∆S 0 ) of adsorption were calculated from the variation of the Langmuir constant, K a , with temperature using the following equations:
where R is the gas constant [8.314 J/(mol K)] and T is the absolute temperature (K).
The values of ∆G 0 at various temperatures are also listed in Table 2 . The plot of ∆G 0 versus T was found to be linear ( Figure 5 ) and the values of ∆H 0 and ∆S 0 were calculated from the intercept and slope. The values of ∆H 0 and ∆S 0 were found to be 4.5 kJ/mol and 0.08478 kJ/(mol K), respectively. Positive values of ∆H 0 indicate the endothermic nature of the process while a positive value of ∆S 0 suggests an increased randomness at the solid/solution interface during the adsorption of Cu(II) ions onto kaolinite. The negative values of ∆G 0 confirm the feasibility of the process and the spontaneous nature of the adsorption process. The essential characteristics of the Langmuir isotherm may be expressed in terms of a dimensionless separation factor or equilibrium parameter, K R , which may be defined as: (6) where C i is the initial ion concentration (mg/dm 3 ) and K a is the Langmuir constant (dm 3 /mg). This parameter is related to the shape of the isotherm according to the following adsorption characteristics: K R > 1 is unfavourable; K R = 1 corresponds to a linear relationship; 0 < K R < 1 is favourable; and K R = 0 is irreversible (Nassar et al. 2004) . The variations in the values of K R with the initial concentration of Cu(II) ions in the system at various temperatures are depicted in Figure  6 . The values of K R indicate that kaolinite was a good adsorbent for Cu(II) ions and that adsorption at the various temperatures studied was more favourable for higher initial Cu(II) ion concentrations than for lower ones.
The experimental equilibrium data for the adsorption of Cu(II) ions onto kaolinite were also analyzed using the Freundlich isotherm (Freundlich 1906) expressed as: (7) where K F and n are the two Freundlich equation constants which are generally temperature-dependent. The parameters K F and n were again calculated by non-linear regression analysis and are presented in Table 2 . Values of K F derived from the Freundlich isotherm are an indicator of the adsorption capacity of a given adsorbent (Sun et al. 2005) , with those obtained in the present study indicating that the adsorption capacity increased with increasing temperature. This again suggests that the adsorption process was endothermic in nature. The exponent n was larger than unity at the various temperatures studied, thereby providing an indication of a favourable process. The data were also fitted to the Dubinin-Radushkevich (D-R) isotherm (Dubinin and Radushkevich 1947) to evaluate the nature of the adsorption process. This model provides information about the heterogeneity of the surface energies and can be written in the following linear form (Ahmad 2005) : (8) where (9) q e is the amount of adsorbate sorbed by the kaolinite (mol/g) at equilibrium, X m is the maximum adsorption capacity of the adsorbent (mol/g), β is a constant (kJ 2 /mol 2 ) related to the energy, F is the polar potential, R is the gas constant [8.314 J/(mol K)], T is the absolute temperature (K) and C e is the equilibrium concentration of Cu(II) ions (mol/dm 3 ). The plots of ln q e versus F 2 were linear with high correlation coefficients at the various temperatures studied (see Figure 7 and data listed in Table 3 ). This shows that the D-R adsorption isotherm was applicable and reliable for the adsorption system studied. The constant (β) was obtained from the slope of the plot of ln q e versus F 2 with the values being given in Table 3 . The values of the adsorption energy (E s ) (kJ/mol) can be correlated with β through the use of the following relationship (Ahmad 2005 ):
The adsorption process proceeds via ion exchange if the magnitude of E s is in the range 8-16 kJ/mol, while for values of E s < 8 kJ/mol the adsorption process is of a physical nature (Onyango et al. 2006) . The values of the adsorption energy presented in Table 3 indicate that interaction between Cu(II) ions and the kaolinite proceeded by ion exchange. These results are in agreement with those obtained in the study of the interaction between Cu(II) ions and HEU-type zeolites, i.e. zeolites of the mineral series having the distinctive framework topology of heulandite and an Si/Al ratio > 4 (Godelitsas and Armbruster 2003).
Effect of solution pH
The experimental results obtained for the uptake of Cu(II) ions by kaolinite under different initial pH conditions are shown in Figure 8 . The ion uptake was sensitive to the variation of pH over the range 2.0-6.0 examined. At low pH values, the surface of the adsorbent would also be surrounded by H + ions which compete for binding sites on the kaolinite surface and whose presence would lead to a decrease in Cu(II) ion interaction with such binding sites because of the greater repulsive forces involved. As the pH value increased, the overall surface of the kaolinite would become increasingly negative with a consequent increase in adsorption.
The percentage removal of Cu(II) ions from the aqueous solution as a result of adsorption was obtained by application of the following equation: where C i and C e (mg/dm 3 ) represent the initial and equilibrium concentrations of Cu(II) ions, respectively. A plot of the percentage removal of Cu(II) ions versus the pH of the solution is also depicted in Figure 8 . At a pH value of 2.0, the maximum Cu(II) ion removal efficiency was 38.46%, whereas at a pH value of 6.0 the removal efficiency increased to 75.27%. The relative variation of the removal efficiency for Cu(II) ions in the pH range 2.0-6.0 was 95.7%. Further increases in the pH value were not attempted because of the possible precipitation of the Cu(II) ions at pH > 6.0.
Effect of adsorbent concentration
The effects of adsorbent concentration on the uptake and removal of Cu(II) ions are illustrated in Figure 9 . As the adsorbent concentration increased from 0.25 g/dm 3 to 5.0 g/dm 3 , the equilibrium adsorption capacity, q e , decreased from 30.39 mg/g to 5.98 mg/g. However, the removal efficiency of Cu(II) ions from the aqueous solution increased from 18.9% to 74.8% as the adsorbent concentration increased from 0.25 g/dm 3 to 5.0 g/dm 3 . Evidently, the equilibrium adsorption capacity and removal efficiency were sensitive to the variation in the adsorbent concentration. Two empirical equations [(12) and (13)] with high correlation coefficients (R 2 = 0.9927 and 0.9889, respectively) were obtained using non-linear regression analysis:
% Removal = 03818x 0.4771 (13) where x represents the adsorbent concentration (g/dm 3 ). These two empirical relationships can provide a technique for predicting the adsorption at any adsorbent concentration.
Effect of ionic strength
Ionic strength had a key impact on the uptake of Cu(II) ions onto kaolinite ( Figure 10 ). In the presence of 0.01 M and 0.1 M NaNO 3 , the maximum uptake capacities (q m ) of the Cu ( decreased with increasing ionic strength. This can be explained in terms of two factors. Firstly, competition of Na + ions with the Cu(II) ions for adsorption sites on the kaolinite surface resulted in the observed decrease in maximum uptake capacity with increasing NaNO 3 concentration. Secondly, adsorption is sensitive to changes in the ionic strength if electrostatic attraction plays a significant role in the adsorption mechanism.
The results obtained in the present study show that electrostatic attraction played an important role in the adsorption of Cu(II) ions onto kaolinite (Das and Bandyopadyay 1991). At high ionic strength, an increase in the amount of the background electrolyte NaNO 3 could swamp the surface of the adsorbent, thereby decreasing the access of Cu(II) ions to the surface adsorption sites. In solution, both the solid adsorbent and the adsorbate species are surrounded by an electrical diffuse double layer whose thickness increases significantly in the presence of electrolyte. Such expansion inhibits the approach of the adsorbent particles and the Cu(II) ions to each other and, as a result of the decreased electrostatic attraction, leads to a decrease in the uptake of Cu(II) ions (Krishnan and Anirudhan 2003) .
The distribution coefficient, K D (dm 3 /g), has been used to indicate the adsorption affinity of a solid adsorbent towards a solute (Lv et al. 2004) . For the purposes of the present study, K D may be written as:
where C i and C e (mg/dm 3 ) represent the initial and equilibrium concentrations of the solute, respectively, while V/M (dm 3 /g) is the ratio of the solution volume to the mass of adsorbent. This latter quantity is often referred to as the batch factor. Figure 11 illustrates the effects of the initial Cu(II) ion concentration and that of the background electrolyte (NaNO 3 ) on the magnitude of the distribution coefficient (K D ). It will be seen that the value of K D for Cu(II) ions decreased slowly as their initial concentration increased. On the other hand (and surprisingly), the distribution coefficients decreased in the presence of the background electrolyte. Such a decrease is quite remarkable and deserves further study.
Comparison with other adsorbents
The values of the maximum adsorption capacities of various adsorbents towards Cu(II) ions as reported in the literature are listed in Table 4 . The data show that kaolinite possesses a good adsorption capacity relative to the other adsorbents listed. The differences noted in the adsorption (2004) capacities towards Cu(II) ions may be ascribed to the properties of the various adsorbents such as their structure, functional groups and surface areas (Ozsoy and Kumbur 2006) .
CONCLUSIONS
Kaolinite was found to be an effective adsorbent for the removal of Cu(II) ions from aqueous solution. Increasing temperature and decreasing adsorbent concentration and ionic strength resulted in a higher Cu(II) ion loading per unit weight of adsorbent. The adsorption of Cu(II) ions onto kaolinite was found to be pH-dependent, spontaneous and endothermic in nature. The adsorption data obtained could be described in terms of pseudo-second-order kinetics. These results show that kaolinite can be used for the removal of Cu(II) ions from aqueous solutions.
